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Abstract 

There are several problems with the current Life-Cycle Assess¬ 
ment (LCA) methods. One of the most serious problems, in our 
opinion, is incomparability of results. Several industry repre¬ 
sentatives have expressed that without comparability and 
benchmarkability LCA will not survive long in the commercial 
world. It is therefore paramount that comparability is achieved. 
Incomparability stems from the usage of different functional 
units, unit processes and, most notably, different impact cat¬ 
egorizations. We propose a new index - the Waste Index (WI) - 
that does not rely upon any of these techniques, but rather mea¬ 
sures an imbalance in Nature and relies upon thermodynamics 
and chemistry - resulting in comparability. 


Keywords: Benchmarking; comparability; eco-indicator; eps in¬ 
dicator; global warming potential; impact categorization; Life- 
Cycle Assessment; waste index 
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1 Introduction 

Life-Cycle Assessment (LCA) is a long awaited tool for en¬ 
vironmental management. However, according to (Ayres, 
1995) and our own research, see e.g. (EmblemsvAg and Bras, 
1998b), most (if not all) of the conventional LCA methods, 
i.e. LCA methods that are similar to the ISO 14000 LCA 
methodology, suffer from incomparable units of measure¬ 
ment. Comparability, as explained Rolf Bretz of Ciba (Jensen, 
Elkington et al., 1997) is ’indispensable': "If we fail to 
achieve comparability and benchmarkability in the LCA 
field, we cannot expect LCA to survive long in the commer¬ 
cial world". Thus, incomparability is a huge problem by 
itself, which we believe is introduced by the usage of func¬ 
tional units, unit processes and impact categorization, but it 
also leads to lack of data. The lack of data is, in our opin¬ 
ion, mainly attributable to the complete absence of account¬ 
ing, see (EmblemsvAg and Bras, 1998a), but it is further en¬ 
hanced particularly by the usage of unit processes and impact 
categorization which make information flow difficult/im¬ 
possible. Another problem is that the LCA methods are, ac¬ 
cording to (Vigon, 1997), so 'indecipherable' that practitio¬ 
ners find it almost impossible to both understand the method 
and implement it. Arguably, this offers flexibility, as various 


practitioners can implement it as it pleases, but it totally 
ruins comparability because two studies of the same system 
can be significantly different. Finally, the current LCA meth¬ 
ods lead to political debate (Jensen, Elkington et al., 1997) 
mostly due to the impact categorization and interestingly 
enough, consensus has not been reached regarding a single 
list of impact categorization. When not even LCA experts 
agree upon what categorization to use, it is unlikely to gain 
significant support from industry and lawmakers. 

There is much to discuss regarding these issues (a discussion 
on energy issues can be found in (EmblemsvAg and Bras, 
1998a)), but here we simply investigate the root of incom¬ 
parability and how to remedy the problem as it relates to 
indicator choice. In this paper, we present our solution to 
incomparability on the indicator level, namely, the Waste 
Index (WI). We compare WI to a scientific indicator; the 
Global Warming Potential (GWP). The WI is also compared 
to the well-known Eco-indicator and the EPS Indicator. Be¬ 
fore closure, we go back to the main issue and explain why 
the WI yields comparability. 

2 Eliminating Incomparability - Introducing the 
Waste Index 

The Waste Index (WI) is based on the following basic as¬ 
sumption: 

Any substance in a sufficient amount beyond the natural amount of 
the substance in a control volume (environment) can be considered 
waste (pollution). 


By reversing this basic assumption a more general statement 
can be established: Whatever the concentration of a sub¬ 
stance that exists naturally in Nature is, that is what it is 
supposed to be. Any disturbance to the natural equilibrium 
of materials is therefore a measure of environmental im¬ 
pact. This leads to our 'Nature Knows Best' Axiom: 

Environmental impact can only be measured relatively by bench¬ 
marking Nature. 

Waste is, hence, defined as all materials (solid, liquids, or 
gases - toxic, radioactive, or not) created by a human or 
industrial activity that exceed the natural amount in a spe¬ 
cific geographical area of the environment called 'Control 
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Volume'. More specifically, the 'Control Volume' is the geo¬ 
graphical area that is affected by either the generated waste 
itself, or by the substances into which the waste is decom¬ 
posing. In general, waste materials do not exist indefinitely, 
but decompose or are absorbed into natural substances. 
However, some persist longer than others. Hence, the amount 
of disturbance of the natural equilibrium, the length of time 
it persists, as well as the area it affects, all directly correlate 
to the seriousness of the impact. These preceding assump¬ 
tions and 'Nature Knows Best' Axiom form the basis of our 
Waste Index - a simple mathematical metric that measures 
environmental impact by benchmarking nature. The gen¬ 
eral expression for the Waste Index (WI) is 
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The Waste Index equation consists of the following elements: 


1) The degradation function, d(t), is a mathematical expres¬ 
sion for the rate of degradation of a substance in a con¬ 
trol volume. It is based on the following first-order dif¬ 
ferential equation in (Scow and Hutson, 1992): 
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where C is the concentration of the substance, whose 
units can be either |kg/m’] or |g/l|, and k is a constant. 
The degradation function for release / can in principle 
he of any shape. By assuming constant release and first- 
order degradation as in Fig. 1, the Wl can be expressed 
as follows: 
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In the simplest case the degradation function is a step 
function as in (E.mblemsvAg and Bras, 1997) resulting in 
a very conservative WI. However, a more appropriate 
function, yet simple, is a linear degradation function, 
which yields: 


M 

w/ =X yi 


/=1 


2 ■ AL 


\ 

(4) 



2) Natural amount A N [kg| is the amount that exists natu¬ 
rally of the released substance, or of the substances into 
which the released substance would decompose, in the 
specified control volume. 

3) Released amount R(t) [kg/h or ton/year] of the released 
substance, i.e. waste. In cases where the released amount 
is of no or negligible importance the default value is set 
to one (1), like for corrosion of iron where the amount 
of iron is almost irrelevant. For simplicity, we often as¬ 
sess R(t) on an annual basis and assume it to be con¬ 
stant, denoted as R. 

4) Estimated time T N [year] the released substance, the 
waste, will affect the control volume. This is the time it 
takes Nature to remove the disturbance in the control 
volume and return to the pre-existing natural balance. 
In order to use simple degradation formulas, it is assumed 
that all releases occur as a single release, although more 
sophisticated release and degradation models can surely 
be used, if desired. Given this, there are three options for 
measuring this balance time T N , in order of preference: 

1. Direct measurement; the time is measured from the very 
first emission to the point at which 99.99% of the re¬ 
leases' effects are gone (by convention) - that is, the 
time the control volume needs to achieve balance again. 
Direct measurements can be done experimentally in 
predefined standard environment such as the U.S. Stan¬ 
dard Atmosphere, see (COESA, 1976). Although a stan¬ 
dard atmosphere is not the same as the real atmosphere, 
it will give consistent results over time. 

2. Half-times can be used, but then the entire chain of 
chemical reactions must be investigated and a library 
of chemical reactions is needed, such as (Jacobson and 
Hampel, 1946 - 1959). According to (Frank, 1998) 
such publications are unavailable today, arguably due 
to the shear work of making them. However, by using 
modern information technology, managing such vast 
amounts of information could be an important role 
for organizations like ISO, in our opinion. 

3. For toxic substances, biological indicators can be used. 
For example, in 1989 Tributyltin (TBT), a resistance 
reducing compound, was banned in coating used on 
ships smaller than 25 meters (Council Directive 89/ 
677/EEC, 1989). Roughly six years later (Evans, 1995; 
Waldock, 1995) and (CEFIC, 1996) reported that 
biological recovery was observed in many coastal 
dogwhelk and oyster populations. Hence, by using 
dogwhelk as a biological indicator, similarly to what 
(Thingstad, 1997) did with birds, we can assume that 
the T n is roughly 6 years for TBT. 

5) V [-] is the ratio of the control volume affected by a spe¬ 

cific waste substance i ( V ) [m 3 ] divided by the con¬ 
trol volume for the entire system (]/ ) [m 3 ], as given 

, r , Svstem 

in equation (5) 

V 

y I _ waste ( 5 ) 

V 

System 

Multiple (say M) waste substances being released will 
disperse differently and each will affect a different con- 
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trol volume . Equation 5 represents the normal¬ 

ization of each specific volume affected by the largest 
possible volume considered, or affected, Vs vi -, C m ■ 

Finally, it is extremely important to use the units consis¬ 
tently so that the WI will be consistent. The unit of the WI is 
called a Waste Unit (WU) A single Waste Unit is very large; 
the global release of C0 2 from fossil fuel burning represents 
roughly 1 WU. We therefore scale it to 1 pico WU = 10 12 
WU = 1 pWU. 

From the definition of the WI, we can identify two potential 
weaknesses: 

1. The WI is a simple index with one conceptual problem: 
The current WI cannot handle biological changes (de¬ 
forestation, bacteria cultures etc.), because this is a very 
complicated issue due to reproduction, interplay between 
various species and so forth. However, for most man¬ 
made products this is of little or no concern. Where it is, 
the issues are often so complex that science often has not 
provided sufficient hard data for objective decision-mak¬ 
ing. Nevertheless, we believe that WI represent a signifi¬ 
cant conceptual improvement compared to the ISO rec¬ 
ommended indicators, despite this problem. 

2. From a practical point of view we see that there are sev¬ 
eral variables that must be determined for every chemi¬ 
cal compound. This may seem a daunting task, and to 
some extent it is if all chemicals are to be investigated. 
However, unlike the ISO recommended indicators, the 
WI is not related to specific geographical areas and the 
like because it is based on thermodynamics and chemis¬ 
try whose laws are the same wherever you are. Also, 
since the WI does not try to assess the actual, or absolute 
if you like, environmental impact, but rather just xht rela¬ 
tive environmental impact difference between releases, 
the values for the various chemical compounds only have 
to be assessed once if researchers would agree (by con¬ 
vention) upon a certain base year with corresponding 
natural balance to use (we suggest choosing a pre-indus¬ 
trial year), as well as which degradation function to use 
(we suggest a linear function because it is simple). For 
the ISO recommended indicators it is not that simple 
since they try to assess the actual environmental impact 
which is both geographically and time dependent. Hence, 
ISO recommended indicators require much more infor¬ 
mation. This is discussed more later in this paper. 

Besides the aforementioned problems, lack of data is a prob¬ 
lem to some extent, particularly for uncommon materials. 
This problem will, however, be alleviated as the usage of the 
WI increases. Another issue is that the WI cannot handle all 
kinds of environmental problems. This is however and ad¬ 
vantage from a comparability perspective since indicators 
that attempt to capture too much easily becomes incredible. 
The primary positive aspects of the WI definition are: 

1) The WI does not have to be normalized according to 
some chosen functional unit, which would jeopardize 
the capability of comparison between different prod¬ 
ucts and processes. In stead we normalize releases to 
Nature itself. 


2) The WI is continuous and can have any value. This is 
important because we want the index to handle various 
materials and chemical compounds under various con¬ 
ditions. The usage of WI for complex systems is shown 
in (EmblemsvAg and Bras, 1998b) and thus omitted here. 

3) The WI is consistent in usage of units and it is compa¬ 
rable from product to product - system to system. This is 
a major problem for all the LCA techniques known to 
(Ayres, 1995). In other words, WI is a relative index 
describing how much better/worse a product is to an¬ 
other product, and it is totally apolitical and comparable 
given a set of axioms and conventions. 

4) It also meets the four socio-ecological principles of The 
Natural Step (Det Naturliga Steget) organization 
(founded by the Swedish oncologist Dr. Karl-Henrik 
Robert in 1989) that must be fulfilled to create a sus¬ 
tainable society (Robert, Holmberc et al., 1994): (1) 
Substances from the lithosphere (earth's crust and mantle) 
must not systematically accumulate in the ecosphere. This 
is taken care of by the waste index as the T N will in¬ 
crease as the capability of the ecosystem to handle the 
releases deteriorates. (2) Society-produced substances 
must not systematically accumulate in the ecosphere. The 
T n will again increase. (3) The physical conditions for 
production and diversity within the ecosphere must not 
systematically he deteriorated. Again, the T N will cap¬ 
ture this, because T s . will be calculated using thermody¬ 
namic and chemical models. (4) The use of resources 
must be effective and just with respect to meeting hu¬ 
man needs. This will be ensured as the waste drivers can 
be traced effectively and thereby allowing proper usage 
of resources. Whether the usage of resources is just or 
not is a political and ethical issue and cannot be cap¬ 
tured by any metric. 

5) The usage of a system control volume - instead of dis¬ 
crete and subjective scales such as 'local' and 'regional' - 
facilitates a continuous and unambiguous scaling. 

6) WI also blends right into an Activity-Based LCA (Em¬ 
blemsvAg and Bras, 1997) which is one single method 
that covers: (1) economic issues, (2) energy issues and 
(3) waste (pollution) issues. According to the (Keoleian 
and Menerey, 1993), these dimensions, and the biologi¬ 
cal issues mentioned earlier, describe, e.g., a manufac¬ 
turing process completely. Thus, we have one method 
that can handle all numerically measurable and decid¬ 
able LCA related issues. 

Due to the allotted space, significant examples are hard to 
present in this paper. We refer to (EmblemsvAg and Bras, 1997 
and 1998b) for examples. In this paper, however, comparisons 
between the WI and the Global Warming Potential (GWP), 
Eco-Indicator and EPS Indicator are provided, which along 
with our case studies indicate that the WI is a sound indicator. 

3 Comparison of the Waste Index and Other 
Indices 

In Table 1, four different types of car fuels are compared 
using both the WI and GWP. The WI is computed using 
Equation 4. The NO x , CO, and CH 4 data in Table 1 are 
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Tabic 1: Comparing the waste index and the global warming potential 


Type of Car Fuel 

NO, [g/km] 

C0 2 [g/km] 

CH, [g/km] 

Waste Index [WU/km] 

GWP [GWP/km] 

Petrol Car 

0.2600 

209 

0.0420 

2.29E+08 

2.91 E+02 

Diesel Car 

0.5700 

154 

0.0300 

3.66E+08 

3.29E+02 


219 2 % 

73.7 % 

71.4 % 

159.7 % 

113.1 % 

Methane Car 

0.0400 

130 

0.0720 

7.98E+07 

1.47E+02 


1 5.4 % 

62.2 % 

171.4 % 

34.8 % 

50.6 % 

Natural Gas Car 

0.0240 

83 

0.0590 

5.03E+07 

9.43E+01 


9.2 % 

39.7 % 

140.5 % 

21.9 % 

32.4 % 


Table 2: Input data for calculating the WI and GWP (IPCC, J 993) 


Material Name 

GWP 

Balance Time [years] 

Control Volume 

Concentration 

Carbon Dioxide 

1 

125.0 

Atmosphere 

2.80E-04 

Methane 

68 

10.0 

Atmosphere 

8.00E-07 

Nitrous Oxide 

303 

150.0 

Atmosphere 

2.88E-07 


from David Hart, Centre for Environmental Technology, 
Imperial College, London and Gunter Hormandinger, En¬ 
ergy Policy Research, London. These data are combined with 
the data in Table 2, obtained from (IPCC, 1993), yielding 
the WI and GWP results in Table 1. Note that the large 
values of WI and GWP are due to the use of concentration 
instead of actual substance amount in the calculations. How¬ 
ever, since the control volume is the same, the relative differ¬ 
ence between the values is maintained and a comparison is 
therefore valid, even though the absolute numerical results 
are 'wrong' with an unknown, but fixed, correlation factor. 

We see that WI and GWP have similar trends and correlate 
96%. The WI is, however, assessing diesel fuel to be 60% 
more harmful than petrol, while GWP does not distinguish 
much between the two. Since there is no 'objective' bench¬ 
mark to measure against, we can only conclude that WI and 
GWP work similarly, with one very significant difference; the 
GWP applies only to gasses. There is also a conceptual differ¬ 
ence; GWP is benchmarking releases to a trace gas (CO,), 
while WI is benchmarking a released compound (or what the 
released compound will decompose into) to the natural 
amount of that compound in Nature. Hence, the GWP is de¬ 
pending upon the significance of CO, w.r.t. global warming, 
while the WI is not depending upon the significance of any 


compound w.r.t. any specific environmental effect. Thus, the 
WI can be viewed as a generalization of the GWP. 

Comparing the Eco-lndicator, the EPS Indicator and the WI 
is more difficult because it is hard to know how the former 
indices were computed, e.g. what was included, what not, 
etc. Nevertheless, we used the IDEMAT software by (TU Delft, 
1996) as our source of information along with (COESA, 1976; 
IPCC, 1993) and (Mackay, Shiu et al., 1992). Furthermore, 
we could only calculate the WI for atmospheric gasses due to 
lack of information. In Table 3 the balance times [years] and 
natural amounts [kg] for the released waste are presented. 

The information in Table 3 and V' = 76%' entered in Equa¬ 
tion 4 yields the information for the various released waste 
found in Table 4. This information is kept in a separate da¬ 
tabase for easy access. It is interesting to note that N,0 has 
the most severe environmental impact if 1 kg is released, 
while CO, is the least significant. What makes C0 2 so im¬ 
portant is the enormous amount of releases. Also note that 
we have reasons to believe that the SO, releases are under¬ 
estimated in the sense that the whole chain of chemical re¬ 
actions after acid rain has been formed is not taken into 
account. For example, acid rain causes releases of heavy 
metals in soil, which can have devastating long-term effects. 


Table 3: Balance times and natural amounts for the waste released 


Parameter 

o 

o 

CO 

NO, 

n 2 o 

so 2 

Methane 

n-Pentane 

Balance Time 

120 

0.21 

0.075 

150 

0.10 

10 

10.136 

Natural Amount 

2.11 E+15 

3.60 E+11 

1.58 E+09 

1.48 E+12 

6.04 E+10 

2.20 E+12 

2.20 E+12 


. TL 

Table 4: J/‘ ——— for the various waste releases 

24 



C02 

CO 

NOx 

N20 

S02 

Methane 

n-Pentane 

7” 

V' N [pWU/kg] 

0.0215 

0.2210 

18.0396 

38.4597 

0.6280 

1.7245 

1.7479 

2 A' n 
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Tabic 5: Comparison of WI and the Eco-Indicator and EPS Indicator in production of materials and liquids 


Production of 
Waste Element 





Generates Releases of [g] 



WI 

Eco- 

Indicator 

EPS 

Incficator 




co 2 

CO 

NO, 

N,0 

SO, 

Methane 

n-Pentane 

[pWU] 

[mPoints] 

[mELU] 

X10CrNi8 18 9 

I 




7.80E+00 

5.56E-04 

1.29E+01 

1.54E+00 

1.69E-03 

0.151127 

21.10 

4,070 

Fe360 

l 




1.16E+00 

9.26E-04 

3.39E-01 

1.53E+00 

1.65E-03 

0.023686 

4.66 

560 

CuZn30 

1 

kg 

7.01 E+03 

4.70E+00 

2.73E+01 


2.84E+01 

8.65E-02 

6.47E-02 

0,661251 

111.00 

11,750 

E-glass Fiber 

1 

kg 


8.34E-02 

3.02E+00 


2.28E+00 

1.67E-02 


0.055913 

0.84 

145 

Glare 1 3/2-0.3 

1 

kg 



1.52E+01 

2.50E-03 


1.12E+01 

2.22E-03 

0,293229 

31.90 

7,378 

Hylite 2/1-0.2 

1 

kg 


1.33E-07 

1.75E-01 

1.74E-01 


2.23E+01 


0.045156 

18.60 

1,493 

Concrete, Plain 

1 

kg 



1.04E-01 

1.22E-04 

6.43E-02 

3.52E-02 

9.89E-05 

0.001981 

0.66 

20 

Crude Oil 

1 

kg 

1.80E+02 

7.00E-02 

2.20E+00 


9.00E-02 

1.70E+00 


0.046466 

0.32 

442 

Diesel 

1 

kg 

2.84E+02 

8.00E-02 

2.90E+00 


1.80E+00 

2.90E+00 


0.064442 

0.62 

466 

Natural Gas 

1 

kg 

2.09E+00 

5.04E-03 

2.01 E-04 



1.32E-03 


0.000052 

0.47 

449 

Petrol 

1 

kg 

2.70E+02 

8.60E-02 

3.07E+00 


1.10E+00 

3.02E+00 


0.066969 

0.63 

458 

Leather 

1 

kg 

2.38E+03 

2.47E-01 

3.56E+00 


1.79E+00 

1.21 E+02 


0.324018 

31.70 

679 

Nitrile Rubber 

1 

kg 



1.08E+01 


9.14E+00 

1.50E+01 


0.226590 

3.67 

990 

HPDE 

1 

kg 

9.40E+02 

6.00E-01 

1.00E+01 


6.00E+00 

2.10E+01 


0.240231 

2.78 

768 

Cotton 

1 

kg 



1.55E+00 

8.15E-01 

7.02E-02 

1.03E+00 


0.046491 

5.40 

30,329 

Polyester 

1 

kg 

1.6.3E+04 

4.59E+01 

5.36E+01 


7.06E+01 

5.67E+01 


1.467814 

17.20 

1 687 

Pitch Pine 

1 

kg 




3.20E-03 

5.98E-02 

9.77E-01 

8.23E-03 

0.001856 

1.14 

125 


The final WI is achieved by multiplying the ratios for the 
various waste releases in Table 4 with their respective mag¬ 
nitude found in Table 5. The left columns are the materials 
that are produced and assessed by the three indicators in 
the three right columns. In the two right columns in Table 
5 the corresponding values for the Eco-Indicator and the 
EPS-Indicator are shown. All the columns in the middle 
are the waste releases [g] generated during production of 
lkg of the materials. 

For example, for Fe360, i.e. construction steel, we take the 
value of, e.g., NO, in Table 4 which is 18.0396 pWU/kg, 
and multiply it by 1.16g = 0.00116 kg (—> Table 5). This 
yields a WI for NO, of 0.0209 pWU. This calculation is 
done for each individual waste release (N,0, SO,, methane 
and n-pentane) associated with production of lkg Fe360. 
Next, all WI results for the individual waste releases are 
added together, yielding a total WI sum of 0.023686 pWU 
(-» Table 5). Hence, with the information from IDEMAT 


and using the WI, NO, releases constitute 88.3% of the 
environmental impact of producing lkg of Fe360. The va¬ 
lidity of the information provided by IDEMAT is question¬ 
able, however. For example, how is it possible to produce, 
e.g., stainless steel (X10CrNi8 18 9) without emitting CO,? 
This clearly suggests that the analyses presented in IDEMAT 
are flawed to a certain extent by either excluding emissions 
or by the fact that parts of the value chain up to the assess¬ 
ment point (production) are missing. From this we under¬ 
stand that the information the comparison is based upon is 
not 100% reliable. Nevertheless, in Table 6 the results of a 
simple correlation analysis are presented. We see that the 
WI correlates about 43.7% to the Eco-Indicator, while it 
hardly correlates to the EPS indicator. But the EPS Indica¬ 
tor, on the other hand, correlates negatively with methane, 
which has a GWP of 68. From Table 6 we assert that the 
EPS indicator handles atmospheric emissions poorly. We can 
also see that both the Eco-Indicator and the EPS Indicator 


Table 6: Correlation matrix for releases and the indices 



CO 2 

CO 

NO, 

N 2 0 

SO 2 

Methane 

n-Pentane 

WI 

Eco-Indicator 

EPS-Indicator 

co 2 

100.0% 

94.7 % 

98.5 % 

N/A 

99.1 % 

30.8 % 

N/A 

99.5 % 

37.5 % 

35.3 % 

CO 


100.0% 

92.3 % 

N/A 

95.9 % 

29.1 % 

N/A 

93.4 % 

8.3 % 

8.4 % 

NO, 



100.0% 

-34.8 % 

99.0 % 

26.6 % 

85.5 % 

98.0 % 

44.3 % 

3.6 % 

N 2 O 




100.0% 

-25.7 % 

-4.9 % 

84.5 % 

-17.3% 

-18.9% 

94.1 % 

SO 2 





100.0% 

27.7 % 

87.9 % 

97.6 % 

38.3 % 

0.9 % 

Methane 






100.0% 

-28.9 % 

44.1 % 

14.2 % 

-15.5% 

n-Pentane 







100.0% 

88.1 % 

94.2 % 

77.7 % 

WI 








100.0% 

43.7 % 

3.9 % 

Eco-Indicator 









100.0% 

29.3 % 

EPS-Indicator 










100.0% 
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correlate only slightly with the atmospheric releases, but more 
interestingly they hardly correlate between themselves. This 
suggests that even with the same information, these two indi¬ 
ces produce different result. The difference w.r.t. the WI can 
be caused by the lack of information. A full-scale case study 
can therefore not shed significantly more light upon indicator 
comparison, except to determine which gives the most ac¬ 
ceptable, but maybe not truly correct, results. 

So is this just a matter of getting enough information? For 
the WI it is as explained earlier, but for the two others it is 
not. The reasons are that for the WI (and GWP) we only 
need to establish the set of information of a chemical com¬ 
pound once, while for the Eco-Indicator and the EPS indi¬ 
cator we need to find new information whenever the unit 
processes, the impact categorizations and/or the implemen¬ 
tations are different. Consequently the Eco-Indicator, the 
EPS Indicator and other conventional indices are extremely 
information intensive and therefore costly. Furthermore, as 
explained next, the conventional indices inherently produce 
incomparable results. 

4 How the Waste Index Sustains Comparability 

In our opinion, incomparability is not resulting from lack of 
data, but rather from the way the ISO LCA method is defined. 
To show that the WI sustains comparability, we first show what 
causes incomparability and then compare to the WI. 

4.1 The problem of functional units 

ISO (ISO/TC 207/SC 5, 1996a) promotes the usage of func¬ 
tional units, defined as 'the functional outputs of the prod¬ 
uct system whose primary purpose is to provide reference 
to which the inputs and outputs are normalized'. For ex¬ 
ample, 'systems A and B perform functions x and y which 
are represented by the selected functional unit, but system 
A performs function z which is not represented in the func¬ 
tional unit. As an alternative, systems associated with the 
delivery of function z may be added to the boundary of 
system B to make the systems more comparable'. Clearly, 
the usage of functional units does not make comparison 
easy, and how can 20 products with several important func¬ 
tions each, be dealt with using functional units? On one 
hand, functional units can serve a purpose for industrial 
products where the customers are interested in products 
that fulfill a specific function, but on the other hand, find¬ 
ing the functional units can be almost impossible. In (Fet, 
EmblemsvAg et ah, 1996), for example, they attempted to 
find the functional units for a platform supply vessel, its 
engines and its hull, but the formulation of functional units 
turned out highly problematic. Furthermore, if nonlinear 
relations exist between the functional unit and the func¬ 
tion, like fuel consumption of a ship and the mass of cargo, 
then the functional unit is highly misleading as a basis for 
comparison. Moreover, the usage of functional units totally 
breaks down for consumer products, because consumer 
preference can often not be represented by a functional unit, 
for example, we do not buy a car based on e.g. transporta¬ 
tion costs per driver mass. Also, alternative design solu¬ 
tions can often be represented by various function struc¬ 


tures, which by default require different functional units, 
thus, the result is incomparability. So why even try to nor¬ 
malize the output to something few cares about and no¬ 
body can measure well? 

The WI, on the other hand, does not use functional units at 
all, which is evident from the definition of the WI since it is 
totally independent on the functional output of the system. 
The WI only considers the (annual) releases from a system, 
geographical area affected, and their (natural) degradation 
times. Some may argue that this is an implicit functional 
unit. However, the WI uses the same fundamental proper¬ 
ties in all assessments, allowing comparability and avoiding 
the pitfall of incomparable functional units. 

4.2 The problem of unit processes 

The usage of unit processes is also promoted in ISO LCA 
method. A unit process is defined as 'the smallest portion of 
a product system for which data are collected when per¬ 
forming a life-cycle assessment' (ISO/TC 207/SC 5, 1996b), 
or 'the basic building blocks within the system boundaries' 
(Jensen, Elkington et ah, 1997). A major problem arises, 
however, if a company defines or has unit processes that do 
not match the unit processes of any known LCA software 
or database. Then impact assessments are impossible (or they 
can in the best case be approximated crudely or done manu¬ 
ally). This was, for example, the reason for the break down 
of the assessments in (Firr, Emm.kmsvAg et al., 1996): SimaPro 
3.5 simply did not have any unit processes describing the 
operation of ship machinery, to name one example. Now, 
taken into account that there are more than eight million 
chemical compounds and materials in commercial usage 
today (see the Beilstein and Gmelin databases) out of which 
60,000 (National Academy of Sciences, 1984) were toxic 
substances commonly used in 1984, establishing unit pro¬ 
cesses seems a rather daunting, if not impossible approach. 
Furthermore, among toxic substances some are up to 
1,000,000 time more toxic than others (Horvath, Hendrick¬ 
son et al., 1995), hence to not investigate substances used in 
very little annual amount, i.e. less than e.g. 1 kg, can intro¬ 
duce serious flaws in the analysis. Also, unit process data¬ 
bases will be highly dependent on updates needed due to 
changes in technology. And economies of scale may cause 
the differences between similar unit processes. For actual 
factory environmental management more accurate model¬ 
ing of processes is required. 

The WI is built on thermodynamics and chemistry and does 
therefore not rely upon specific processes but rather on the 
fundamental processes in Nature for degrading chemicals 
and substances. As new chemicals are introduced we only 
need to study them once, assess their decomposition in terms 
of control volume/geographical area affected and time, and 
then publish that information. Creating such publications 
and associated databases could be a productive role for ISO 
in our opinion. Thus, the WI is generic and enhances com¬ 
parability. But clearly, regardless of what approach one 
chooses, data is needed. The question is which approach is 
the least information intensive, and we believe the WI is in 
the long run. 
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4.3 The problem of impact categorization 

One major problem with impact categorization is that it 
leads to political debate (Jensen, Elkington et ah, 1997) as 
people disagree which emissions affect which impact cat¬ 
egories and to what extent. In fact, consensus has not been 
reached for a single list. Obviously, if monetary taxes were 
associated with environmental impacts based on particular 
weighting and categorization schemes, never-ending discus¬ 
sions and political debate and ultimately no action could be 
the outcome. For example, during the Kyoto meeting in 
December 1997, the delegates had enormous problems of 
agreeing upon just the greenhouse effect, which is one out 
of roughly ten categories, and it did not stop there: Accord¬ 
ing to (Meserve, 1998); 'the legislative prospects were so 
bleak that the [US] administration didn't even bother to in¬ 
troduce the Kyoto global warming treaty for ratification'. 

Interestingly enough, the categorization that, e.g., Eco-Indi- 
cator is built upon, is not the one that ISO recommends 
according to (Jensen, Elkington et al., 1997), but the Eco- 
Indicator is nevertheless one of the most popular indices used 
today. To further enhance confusion; the ISO list is not the 
same as the 'Nordic list' see (Lindfors, Christiansen et ah, 
1995), nor the two lists that SETAC have proposed, see (Uno 
de Haas, 1996) and (SETAC-Europe, 1992). Although one 
could argue that different lists represent different (regional) 
preferences, it clearly does not facilitate benchmarking. Re¬ 
gardless of category definition, even if that happens to be 
the same, there are more than enough crossroads where prac¬ 
titioners can go wrong: 

1. During classification, the next step in impact categoriza¬ 
tion, double, triple etc. counting is needed since various 
emissions can affect several categories. This requires that 
the practitioners have very good understanding in the 
effects of every emission, or access to a database that 
provides this information. 

2. An implicit assumption in classification is 'less is better' 
(ISO, 1997), which in cases where compromises between 
various emissions must be made can lead to wrongful 
decisions as less is not always better. For example, Heiner 
Geiss at the Forschungszentrum Jiilich challenges con¬ 
ventional belief by claiming that the catalytic converters 
in cars increase the formation of ground-level ozone due 
to the changed ratio between NO„ and VOC in the air 
despite the initial reduction of NO emissions (Seehusen, 
1998). Kjetil Torseth at Norsk Institutt for Luftforskning 
(NILU) totally rejects this claim. 

3. The next step in impact categorization is characteriza¬ 
tion, where one tries to assign the relative contribution 
of the relevant environmental processes (Jensen, 
Elkington et al., 1997). This is based on scientific knowl¬ 
edge, however when that is not available one simply 
makes value-choices. The result is that one mixes apples 
and oranges resulting in incomparability. 

4. The last step is the weighting or valuation. The purpose 
is to rank, weight and possibly aggregate the results to 
arrive at the relative importance of the results (ISO, 
1997). Since stakeholders are allowed to impact the 
weighting scheme the end result is nothing but doubtful 


and over time completely incomparable. Methods for 
weighting are presented in (Lindeijer, 1996). 

5. Throughout impact categorization, one also tries to es¬ 
tablish a geographical area of impact. This is done using 
scales such as 'Global', 'Continental', 'Regional' and 'Lo¬ 
cal'. We think that these scales are ambiguous, subjec¬ 
tive and incomparable. Global and continental are fairly 
accurate, although incomparable. The WI, in contrast, 
uses control volumes that are both continuous and un¬ 
ambiguous in the sense that they are measured in quan¬ 
titative units. 

From this we understand that the probability of having com¬ 
parable studies using the ISO approach and other conven¬ 
tional approaches is very low. An illustrative case study of 
these problems, and more, is given in (EmblemsvAg and Bras, 
1998b). 

The WI attempts to avoid the above pitfalls by simply 
benchmarking Nature. The geographical impact area is 
handled by control volumes which are measured clearly. The 
result is a purely relative, yet reliable and comparable, mea¬ 
surement that allows us to get a valid comparison of envi¬ 
ronmental impact for widely different systems, but it does 
not say how much a specific release contributes to specific 
environmental effects. Although choices are also made for 
the WI, all such choices are made once and for all and up¬ 
front. Hence, the WI avoids continuous value-choice-deci¬ 
sion-making that is virtually a necessity for the conventional 
LCAs and that causes serious incomparability. 

5 Biological Diversity Degradation and Human 
Health Risks Issues 

Clearly, the WI is only concerned with the general state of the 
environment. The problems of biological diversity degrada¬ 
tion and human health risks are therefore not considered 
. Obviously, it is important to handle the biological diver¬ 
sity, because preserving the biological diversity is important 
for humans both directly and indirectly via the usage of bio¬ 
logical entities. Many natural systems sustain cycles of distur¬ 
bance (fire, hurricanes, disease) and rejuvenation (Ricklefs, 
1990) and rely on re-colonization. But as habitats become 
more and more fragmented (e.g., forests by the spread of ag¬ 
riculture and urban development) disturbances can so thor¬ 
oughly destroy an area that little chances are left for complete 
recovery, even with substantial help from humans (Janzen, 
1988). Furthermore, any reduction in biological diversity can 
upset the balance of a system and alter its function (Wilson, 
1988). Thus, it seems that preserving a high biological diver¬ 
sity is just as important in the long run as any other measure¬ 
ment of the state of our environment. In fact (Lovelock, 1988) 
proposes a theory - the Gaia Theory - where living systems 
(biological entities) and nonliving systems co-evolve and in 
fact produce the environment. It is also important to handle 
human health risks because humans are large mammals that 
can be extinct even though the general state of the environ¬ 
ment has changed relatively little. 

In principle, we can include these issues in the definition of 
our Waste Index by using penalty functions that will come 
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into play when released wastes exceed certain threshold lim¬ 
its and thereby increasing the WI. However, after some ini¬ 
tial investigation, we believe that such an approach is not 
likely to work at this moment, because we only have partial 
assessments and data for 5% (National Academy of Sci¬ 
ences, 1996) of the chemicals in the environment. Some data 
for exposure limits for humans can be found in (American 
Conference of Governmental Industrial Hygienists, 1996). 
Thus, an attempt to incorporate biological diversity and 
human health risk issues into the WI is currently not realis¬ 
tic, in our opinion. We believe that currently these two is¬ 
sues should be handled by simply using separate indicators. 
Those indicators serve as 'flashlights' alerting a practitio¬ 
ner when releases have negative effects related to human 
health and/or biological degradation. The following expres¬ 
sions can be useful for the biological diversity and human 
health risk indices for a released waste i, respectively: 
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Where: 

• I' BD is the indicator for potential biological diversity deg¬ 
radation caused by the release of R\ When it is one (1), 
it implies that there is a local problem related to biologi¬ 
cal diversity degradation caused by a specific release i. 

• J'flo is the control volume of the released waste R' the 
biological diversity degradation is expected to affect. 

• C' B[) is the concentration of the released waste R' at 
which the biological diversity degradation is expected to 
be effectuated. 

In other words, the indicators are zero as long as the result¬ 
ing increased concentration of a substance resulting from a 
release (R’) into the control volume is smaller than the con¬ 
centration level for which biological degradation is expected 
to appear. It works similarly for human health (HH) risks, 
see Equation 7. These indicators should be used, but inde¬ 
pendently, with the WI when information is available. We 
feel that these indicators should not be used to affect the 
numerical magnitude of the WI because it reduces consis¬ 
tency and ultimately comparability. 


6 Closure 

Incomparability is one of the most severe problems of con¬ 
ventional LCA methods currently promoted for use in in¬ 
dustry. To reduce this 'methods deficiency', as (Ayres, 1995) 
calls it, we believe that LCA methods must be revisited, with 


a primary focus on eliminating the use of functional units, 
unit processes and impact categorization. As a step towards 
resolving these problems, we present the Waste Index (WI) 
which gives comparable results by eliminating the use of 
functional units, unit processes and environmental impact 
categorization by benchmarking Nature and using funda¬ 
mental thermodynamics and chemistry principles. The Waste 
Index is an index that goes beyond merely assessing quanti¬ 
ties of wastes (like done in inventories and mass balances), 
but stops short of a detailed assessment of the actual environ¬ 
mental impacts (e.g., specific effects to acidification, etc.) that 
are currently attempted in the conventional LCA methodol¬ 
ogy. We feel that the Waste Index provides an interesting and 
useful middle ground (or bridge) for those who wish more 
specificity in impact assessment than merely looking at quan¬ 
tities, but on the other hand, are weary about making actual 
impact assessments due to all the incomparability problems. 

Another issue is that, according to (Bergman, 1994; Tibor 
and Feldman, 1996), ISO 14000 is the 'environmental man¬ 
agement system equivalent' of the ISO 9000 quality man¬ 
agement standard and it is therefore constructed in a very 
similar manner. The highly acclaimed ISO 9000 standard 
has, however, not produced any measurable improvements 
in companies where is has been implemented, according to 
a survey by Certified Accountants in the U.K, see (Bowie 
and Owen, 1996). In fact, the ISO 9000 seems to be more a 
'trade requirement' (Miles and Russel, 1997), than a new 
powerful philosophy for the company. We have to learn from 
the ISO 9000 experience and be careful not make the same 
mistakes with ISO 14000. 

We believe that we should stop standardizing things when we 
are standardizing the wrong things. We would propose to 
have ISO or similar organization work out Waste Index pa¬ 
rameter publications and determine the conventions regard¬ 
ing waste material degradation (function, time, etc.), which 
base year to use, and (possibly) what standardized atmosphere 
- ocean - fresh water and - soil control volumes to use. Since 
the WI is comparable, that could form the basis for waste 
accounting - identical to monetary accounting, which is also 
something ISO could engage in and in fact create an ISO 14000 
Waste Accounting Standard. Then, one could use the same 
cost management systems used today to also handle waste 
management by almost just adding an extra column, so to 
speak, to the cost management spreadsheets. 

In any case, we certainly think it is time to think differently, 
and an initial step is taken here. We have no doubt that the 
WI can probably be formulated better and that more re¬ 
search is needed. However, it does have one indispensable 
feature, namely, comparability. This has been accomplished 
by benchmarking Nature and relying on fundamental prin¬ 
ciples in nature - the single most important message in this 
paper. Throughout the history of science 'truths' about Na¬ 
ture have been changing but the laws of Nature remain. 

Acknowledgment 

We gratefully acknowledge the support of National Science Foun¬ 
dation grant number DMI-9624787, the Research Council of Nor¬ 
way and U.S.-Norway Fulbright Foundation. 


Int. J. LCA 4 (5) 1999 


289 



Waste Index 


LCA Methodology 


8 References 

American Conference of Governmental Industrial Hygienists (1996): 
Threshold Limit Values and Biological Exposure Indices for 1995 

- 1996. Cincinnati, OH, American Conference of Governmen¬ 
tal Industrial Hygienists 

Ayres, R.U. (1995): «Life cycle analysis: A critique.» Resources, 
conservation and recycling (14): 199 - 223 
Bergman, A.J. (1994): «What the Marketing Professional Needs to 
Know about ISO 9000 Series Registration.® Industrial Market¬ 
ing Management 23: 367 - 370 

Bowie, N.; Owen, H. (1996): An Investigation into the Relation¬ 
ship Between Quality Improvement and Financial Performance. 
U.K., Certified Accountants Educational Trust 
CEFIC (1996): UseofTributyltin Compounds in Anti-fouling Paints 

- Effectiveness of Legislation and Risk Evaluation of Current 
Levels of Tributyltin Compounds in Coastal Waters, Interna¬ 
tional Maritime Organization Marine Environment Protection 
Committee (IMO-MEPC) 

COESA (1976): U.S. Standard Atmosphere. Washington, D.C., U.S. 
Government Printing Office 

Council Directive 89/677/EEC (1989): Official Journal of the Eu¬ 
ropean Communities, No. L 398/19-23. Brussels 
Emblkmsvag, J.; Bras, B. (1997): An Activity-Based Life-Cycle As¬ 
sessment Method. 1997 ASME Design Engineering Technical 
Conference, Sacramento, California, American Society of Me¬ 
chanical Engineers 

EmblemsvAg, J.; Bras, B. (1998a): Energy Accounting - A Step To¬ 
wards Sustainability. Proceedings of the 42nd Annual Conference 
of The International Society for the Systems Sciences, Atlanta, 
Georgia, International Society for the Systems Sciences (ISSS) 
Emiu.kmsvAg, J.; Bras, B. (1998b): ISO 14000 and Activity-Based 
Life-Cycle Assessment in Environmentally Conscious Design and 
Manufacturing: A Comparison. 1998 ASME Design Engineer¬ 
ing Technical Conference, Atlanta, Georgia, American Society 
of Mechanical Engineers 

Evans, S.M. (1995): «Tributyltin Pollution: A Diminishing Prob¬ 
lem Following Legislation Limiting the Use of TBT-Based Anti¬ 
fouling Paints.® Marine Pollution Bulletin 30 
Fkt, A.M.; Embi.f.msvAg, J.; Johannksen, J.T. (1996): Environmen¬ 
tal Impacts and Activity Based Costing during Operation of a 
Platform Supply Vessel. Alesund, Norway, Moreforsking 
Frank, D. (1999): Assistant Director for Information Services at 
Georgia Institute of Technology, Personal Communication 
Horvath, A.; Hendrickson, C.T.;. Lave, L.B; McMichaf.l, F.C.; Wu, 
T.-S. (1995): «Toxic Emissions Indices for Green Design and 
Inventory.® Environmental Science & Technology 29 (No. 2): 
86A - 90A 

IPCC (1993): Climate Change; The Scientific Assessment. Cam¬ 
bridge, UK, Cambridge University Press 
ISO (1997): Environmental management - Life cycle assessment 

- Life cycle impact assessment, International Standards Or¬ 
ganization 

ISO/TC 207/SC 5 (1996a): Environmental Management - Life Cycle 
Assessment - Goal and Scope Definition and Inventory Analy¬ 
sis, International Organization for Standardization 
ISO/TC 207/SC 5 (1996b): Environmental Management - Life Cycle 
Assessment - Principles and Framework, International Organi¬ 
zation for Standardization 

Jacobson, C.A.; Hampel, C.A. (Eds.) (1946 - 1959): Encyclopedia 
of Chemical Reactions. New York, Reinhold 
Janzen, D.H. (1988): «Tropical Ecological and Biocultural Resto¬ 
ration.® Science 239: 243-244 

Jensen, A.A., Elkington, J.; Christiansen, K.; Hoffmann, L.; 
Moller, B.T.; Schmidt, A.; van Dijk, F. (1997): Life Cycle As¬ 
sessment (LCA) - A guide to approaches, experiences and in¬ 
formation sources. Seborg, Denmark, dk-TEKNIK Energy 8c 
Environment 


Keoleian, G.A.; Menerey, D. (1993): Life-Cycle Design Guidance 
Manual. Cincinnati, OH, US Environmental Protection Agency, 
Office of Research and Development 
Lindeijer, E. (1996): Part VI: Normalization and Valuation. To¬ 
wards a Methodology for Life-Cycle Impact Assessment. H.A. 
Udo de Haes. Brussels, Society of Environmental Toxicology 
and Chemistry (SETAC-Europe) 

Lindfors, L.-G.; Christiansen, K.; Hoffmann, L.; Virtanen, Y.; 
Hanssen, J.V., O.J.; Ronning, A.; Ekvall, T.; Finnveden, G. 
(1995): Nordic Guidelines on Life-Cycle Assessment. 
Copenhagen, Nordic Council of Ministers 
Lovelock, J.E. (1988): The Ages of Gaia: A Biography of Our Liv¬ 
ing Earth. New York, Norton 

Mackay, D.; Shiu, W.Y.; Ma, K.C. (1992): Monoaromatic Hydro¬ 
carbons, Chlorobenzenes, and PCBs. Illustrated Handbook of 
Physical-Chemical Properties and Environmental Fate for Or¬ 
ganic Chemicals. Boca Raton, FL, CRC Press LLC 
Mkserve, J. (1998): Environmental Legislation Going Nowhere Fast. 
Washington. DC, AllPolitics 

Miles, M.P.; Russel, G.R. (1997): «ISO 14000 Total Quality Man¬ 
agement: The Integration of Environmental Marketing, Total 
Quality Management and Corporate Environmental Policy.® 
Journal of Quality Management 2 (No. 1): 155 - 168 
National Academy of Sciences (1984): Toxicity Testing: Strategies 
to Determine Needs and Priorities. Washington, DC, National 
Academy Press 

National Academy of Sciences (1996): Material Concerns: Pollu¬ 
tion, Profit, and Quality of Life. London, Routledge 
Rickli.es, R.E. (1990): Ecology. New York, W.H. Freeman and 
Company 

Robert, K.-H.; Hoi.mberg, J.; Eriksson, K.-E. (1994): Socio-eco- 
logical Principles for a Sustainable Society. ISEE meeting. Cost 
Rica, The Natural Step Environmental Institute Ltd 
Scow, K.M.; Hutson, J. (1992): «Effect of Diffusion and Sorption 
on the Kinetics of Biodegradation: Theoretical Considerations.® 
Soil Science Society of America Journal 56 (January - Febru¬ 
ary): 119-127 

Seehuskn, J. (1998): «Ozonforvirring (Ozone Confusion).® Teknisk 
Ukeblad 145 (23): 6 

SETAC-Europe (1992): Life-Cycle Assessment. LCA Workshop, 2- 
3 December 1991, Leiden, Society of Environmental Toxicol¬ 
ogy and Chemistry (SETAC-Europe) 

Thingstad, P.G. (1997): Birds as Indicators of Natural and Human 
Induced Variations in the Environment, with Special Focus on 
the Suitability of the Pied Flycatcher. Department of Natural 
History. Trondheim, Norway, Norwegian University of Science 
and Technology 

Tibor, T.; Feldman, I. (1996): ISO 14000: A Guide to the new Envi¬ 
ronmental Standards. Chicago, IL, Irwin Professional Publishing. 
TU Delft (1996): IDEMAT. Delft, The Netherlands, Technische 
Universiteit Delft 

Udo de Haas, H.A. (1996): Part I: Discussion on General Prin¬ 
ciples and Guidelines for Practical Use. Towards a Methodol¬ 
ogy for Life-Cycle Impact Assessment. H.A. Udo de Haas. Brus¬ 
sels, SETAC-Europe 

Vigon, B. (1997): SETAC Foundation Life-Cycle Assessment News¬ 
letter, Society of Environmental Toxicology and Chemistry 
(SETAC). 17: 6 

Waldock, M. (1995): Recovery of Oyster Fisheries Following TBT 
Regulations. Proceedings of the Malacological Society of Lon¬ 
don Nov. 1995, London, The Malacological Society of London 
Wilson, E.O. (1988): BioDiversity. Washington D.C., National 
Academy Press 

Received: October 9th, 1998 
Accepted: July 22, 1999 


290 


Int. J. LCA 4 (5) 1999 



